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Working memory (WM) is essential for normal cognitive function, but shows marked decline in aging. The
importance of selective attention in guiding WM performance is increasingly recognized. Studies so far are
inconclusive about the ability to use selective attention during WM in aging. To investigate the neural mecha-
nisms supporting selective attention in WM in aging, we tested a large group of older adults using functional
magnetic resonance imaging whilst they performed a category-based (faces/houses) selective-WM task. Older
adults were able to use attention to encode targets and suppress distractors to reach high levels of task perfor-
mance. A subsequent, surprise recognition-memory task showed strong consequences of selective attention.
Attended items in the relevant category were recognized signiﬁcantly better than items in the ignored category.
Neural measures also showed reliable markers of selective attention during WM. Purported control regions
including the dorsolateral and inferior prefrontal and anterior cingulate cortex were reliably recruited for
attention to both categories. Activation levels in category-sensitive visual cortex showed reliable modulation
according to attentional demands, and positively correlated with subsequent memory measures of attention and
WM span. Psychophysiological interaction analyses showed that activity in category-sensitive areas were coupled
with non-sensory cortex known to be involved in cognitive control and memory processing, including regions in
the prefrontal cortex and hippocampus. In summary, we found that older adults were able to recruit a network of
brain regions involved in top-down attention during selective WM, and individual differences in attentional
control corresponded to the degree of attention-related modulation in the brain.1. Introduction
Working memory (WM) and cognitive control exhibit signiﬁcant
decline with normal aging (Salthouse, 2010), which can cause delete-
rious effects across cognitive domains (Park et al., 2002, 1996; Wingﬁeld
et al., 1988) and affect quality of life (Davis et al., 2010). These declines
coincide with a predominant decrease in prefrontal cortex (PFC) volume
(e.g. Haug and Eggers, 1991; Raz et al., 2005), which highlights the PFC
as a prime candidate brain region that underlies the age-related changes
in WM and cognitive control (Braver and Barch, 2002; West, 1996).
Much research supports the idea that attention plays an important role in
supporting WM function by guiding selection of relevant items amongst
competing distractors during encoding and maintenance (Gazzaley and
Nobre, 2012; Stokes and Nobre, 2012; Vogel et al., 2005; Vogel andntal Psychology, University of Ox
n Brain Activity, Wellcome Centr
ok), kia.nobre@psy.ox.ac.uk (A.C
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vier Inc. This is an open access aMachizawa, 2004), but it is unclear whether age-related deﬁcits in WM
are owed to problems in selective attention.
Neuroimaging studies of WM function in aging have found age-
related differences in the activation in PFC in older adults related to
poor performance (e.g. Grady, 2008; Reuter-Lorenz et al., 2000; Rypma
and D'Esposito, 2000), which might reﬂect problems with top-down
control of attention in WM in aging (Hasher and Zacks, 1988; Zanto
and Gazzaley, 2014). Some researchers propose that general age-related
cognitive deﬁcits, including problems with WM, can be attributed to a
decline in inhibitory control and impairment in the inhibition of irrele-
vant information (e.g. Hasher and Zacks, 1988; Lustig et al., 2007; Zanto
and Gazzaley, 2014). Older adults have poorer memory for target items
than younger adults and better memory for irrelevant distractors (Rowe
et al., 2006; also see Campbell et al., 2010), and exhibit strongerford, UK.
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1999). Relatedly, Braver (2012) suggested that age-related deﬁcits are
owed to declines in the active maintenance of task set for upcoming
behavior, or ‘proactive control’ in older adults. Consequently, they rely
more on ‘reactive control’, where the task set is retrieved only at the
moment behavior is required, resulting in behavioral deﬁcits in a variety
of tasks. Finally, Gazzaley and colleagues showed that older adults had
deﬁcits in suppressing BOLD activity for irrelevant distractors in sensory
cortex during selective WM tasks (Chadick et al., 2014; Gazzaley et al.,
2005). Overall, these studies suggest that age-related deﬁcits in WM
could be a manifestation of poor top-down control for suppression of
task-irrelevant information.
However, one line of behavioral work suggests that spatial attention
is relatively preserved in aging (e.g. Greenwood et al., 1993; Nissen and
Corkin, 1985; Tales et al., 2002), showing that older adults can use
spatial pre-cues to improve perceptual performance as much as their
younger counterparts. Recent studies also challenge absolute deﬁcits in
attention for WM in ageing, by showing that older adults are capable of
orienting spatial attention within WM using retro-cues to improve WM
performance (Mok et al., 2016; Souza, 2016) with relative preservation
of the neural markers of this control (Mok et al., 2016). One study also
suggests that feature-based retrospective attention is similarly preserved
in aging (Gilchrist, Duarte and Verhaeghen, 2016). More generally, there
is evidence to suggest older adults do retain some control over encoding
items into memory (Castel et al., 2007, 2002). In sum, it remains the
extent to which selective attention supports WM functions in ageing re-
mains unclear.
Here, we tested older adults on a selective WM task in the MRI
scanner to examine older adults’ ability to use top-down, category-based
attention to support WM performance, and to test whether neural
markers of attention co-varied with the ability to selectively encode items
into WM. In addition, we administered a surprize subsequent recognition
memory test to investigate the functional consequences of selective
attention on memory for attended and ignored items. We recruited a
relatively large sample of older adults for greater statistical power due to
higher behavioral variability in older groups (Botwinick, 1978; Krauss,
1980; Welford, 1985), and to capitalize on this variability to test if the
degree of top-down modulation during selective WM is correlated with
behavioral measures of attention and WM, which might relate to mech-
anisms of successful cognitive aging. Examining variability within an
older age group also allowed us to circumvent certain problems when
comparing across age groups, such as motivation, fatigue, technology
exposure, and cerebrovascular differences.
We found that older adults were able to use top-down attention to
modulate category-sensitive cortex to support performance on a selective
WM task. Selective attention to individual exemplars of face and house
stimuli signiﬁcantly affected subsequent recognition memory for these
items, demonstrating that attention can have durable functional conse-
quences in older adults. Category-sensitive cortex and the PFC were
modulated according to task demands, and attention-related modulation
was predictive of our behavioral measure of attention (effect of attention
on subsequent memory) and with individual WM capacity within an
older group.
2. Materials and methods
2.1. Participants
Eighty-one healthy older adults (aged 60–87) were recruited from the
community via local media and public advertisements. Of these, 75
participants completed the current experiment. Five participants were
excluded from the analysis due to cortical abnormalities observed in their
T1-structural scans. The remaining 70 participants (42 female) were
60–87 years old (68.5 0.85 years), had 16.0 0.44 years of education,
scored26 on the Mini-Mental State Examination (MMSE, Folstein et al.,
1975), and had normal or corrected-to-normal vision and hearing.164Sixty-eight were Caucasian (66 British, one Dutch, one Italian), and two
were South Asian (Indian). All participants were ﬂuent in English. None
of the participants had any current diagnosed psychiatric or neurological
disorder, or were taking psychoactive medication. The study was
approved by the Central University Research Ethics Committee of the
University of Oxford and was carried out in accordance with the pro-
visions of the World Medical Association Declaration of Helsinki.2.2. Stimuli and apparatus
Stimuli consisted of digital color photographs of faces and houses
with 350 350 resolution (see task schematic in Fig. 1A and Fig. S1 for
representative examples of the images used). Face stimuli were photo-
graphs of individuals of different ages (children, young, middle-aged, and
elderly adults) and ethnicities. Only faces with neutral or positive ex-
pressions were selected. House stimuli were photographs of houses with
a range of styles. The stimuli were chosen to be as natural and pleasant as
possible to keep elderly participants engaged. There was no attempt to
use standardized images, since this was not relevant to the aims of the
study. All images were obtained via Creative Commons licence on Flickr.
Seventy-two images were used in themain task (36 faces, 36 houses), and
a separate set of 24 images (12 faces, 12 houses) was used in the practice
session. In the subsequent memory test, 72 ‘old’ images that were pre-
sented in the fMRI scanner (36 faces, 36 houses) and 73 ‘new’ images that
were not previously presented to participants (36 faces, 37 houses) were
selected. Due to a technical error, one additional ‘new’ house image was
presented (37 instead of 36).
The task was programmed and run in Presentation® (version 16.2,
www.neurobs.com). The task was presented using a display with spatial
resolution of 1024 768 pixels and refresh rate of 60 Hz, projected onto
a screen and reﬂected onto a mirror inside the scanner (horizontal length
26).2.3. Behavioral tasks
2.3.1. Selective WM task
A selective-WM task with images of faces and houses tested the ability
to focus on items from one category to guide WM performance (Fig. 1A).
In each block, participants selectively attended to the face or the house
stimuli, and made a response (button press) when they saw an image
from the attended category presented a second time within the same
block (stimulus repetition). Images from the competing category were
irrelevant and could be ignored.
At the start of each block, an instruction cue (2000ms) indicated if
the upcoming block required attention to faces (“REPEATED FACES”) or
to houses (“REPEATED HOUSES”). Prior to each stimulus, a reminder
(“F” or “H”) was presented (2000ms) to ensure participants were aware
of the current task block, followed by the face or house stimulus
(1000ms). Each block consisted of ten trials. For each stimulus, its
associated target (stimulus repeat) could be presented after one to three
intervening stimuli, or not presented at all. Target (repeated) images, if
presented, were only shown once. This was the case for both the attended
and ignored stimulus categories, even though no response was required
for the ignored category. Intervening stimuli were face or house images
with equal probability. Stimuli from the attended blocks were not pre-
sented in the ignore blocks (e.g. faces in attend-face ignore-house blocks
were not presented in the ignore-face attend-house blocks), and vice
versa. Participants were not explicitly informed of these details but were
simply asked to respond when they saw an image of the attended cate-
gory presented a second time at any point during the block.
There were 18 trials for each stimulus-attention condition (attend-
face, ignore-face, attend-house, ignore-house) with novel images (72
trials), and 12 trials for each condition with a repeated image (48 trials),
giving 120 trials in total.
Fig. 1. Task schematic and behavioral results on subsequent-memory test. (A) A selective WM task was performed in the fMRI scanner. In each block, participants
monitored a sequence of intermixed face and house stimuli, and attended to one of the stimulus categories. In the attend-houses blocks (top), participants made a
response when a house stimulus appeared a second time, ignoring the faces. In the attend-faces blocks (bottom), participants responded when a face stimulus appeared
a second time, ignoring the houses. A cue “H” or “F” preceded each stimulus to remind the participant of the current task block. These particular stimulus sequences
are for illustration only, and were different to those used in the experiment. (B–C) Subsequent memory performance. (B) Bar plot showing proportion correct
(responded ‘old’) for attended houses presented during the attend-house blocks (green), ignored houses during the attend-face blocks (dark grey), attended faces
presented during the attend-face blocks (yellow), and ignored faces presented during the attend-house blocks (light grey). Note that attended and ignored stimuli are
all ‘old’. Error bars represent standard error of the mean. Asterisks denote signiﬁcant pairwise differences. ***p < 1e-06.
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Participants were given a surprise subsequent-memory test after the
main experiment, once they were outside of the scanner. On each trial,
participants were presented with a face or house image which had either
been shown in the main selective WM task (old) or an image they had not
seen before (new). They judged whether they remembered seeing this
image (old) or not (new) by making a forced-choice response on a
keyboard. Participants were presented with 72 ‘old’ images (36 faces, 36
houses) and 73 ‘new’ images (36 faces, 37 houses) in a pseudo-
randomized order. Half of the ‘old’ images were from the ‘attend’
blocks and the other half from the ‘ignore’ blocks. Images were the same
across participants. One participant did not complete the memory test.
2.4. Experimental procedure
At the beginning of the session, the experimenter provided a
demonstration of the task accompanied with verbal instructions from a
prewritten script. Participants proceeded to perform the task in a practice
session, which consisted of two attend-faces and two attend-houses
blocks. The experimenter provided verbal feedback on their165performance. Once the experimenter was satisﬁed that the participant
understood the task, the participant proceeded with the task in the
scanner.
For the main selective-WM experiment, participants completed six
attend-faces blocks and six attend-houses blocks in the scanner in alter-
nating order. In each block, there were ten trials, lasting a total of 30 s,
followed by 14 s of rest with central ﬁxation. Eye movements were not
monitored. After the scan session, participants were given a subsequent
memory test.
2.5. Behavioral data analysis
2.5.1. Selective WM and subsequent memory
To characterize performance on the task in each block type, we
computed the hit rate and mean correct reaction times for the face and
house blocks separately. Hit rate was the number of responses when a
target was presented (repeated stimulus in the attended category)
divided by the total number of targets. To characterize the effect of
category-based selective attention for WM on subsequent memory, we
computed the proportion of correctly responded ‘old’ trials for stimuli
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attended houses, and ignored houses separately. To examine subsequent-
memory performance in general, we computed the proportion of correct
responses for all stimuli in the memory test, separated into ‘old’ and
‘new’ stimuli. Participants correctly judged images as ‘old’ if they had
been presented in the main experiment, and correctly judged images as
‘new’ if they were not presented previously.
To test the effect of category-based attention during selective WM on
subsequent memory, a repeated-measures ANCOVA was performed on
proportion ‘old’ stimuli remembered (responded ‘old’), with factors
Attention (attend, ignore) and Stimulus Category (face, house), with
covariates age, education, and gender. Follow up t-tests were used to test
for differences between conditions, and Cohen's d was used to determine
effect sizes. Statistical analyses for behavioral performance were per-
formed using Matlab R2015a, Matlab's Statistics Toolbox, and R version
3.2.1 (R Core Team, 2015) using the afex package (Singmann et al.,
2015).
2.5.2. Neuropsychological tests
Participants completed a neuropsychological battery and question-
naires separately to the current experiment. Individual differences in the
ability to ﬁlter task-irrelevant distractors and enhance task-relevant
items in WM tasks have been linked to differences in WM capacity (e.g.
Linke et al., 2011; Vogel et al., 2005; Vogel and Machizawa, 2004).
Therefore, we hypothesized that the ability to enhance processing of
target stimuli and supress distractors during the selective-WM task would
correlate with digit span, a standard measure of WM. Since there were
three scores related to WM in the neuropsychology battery, we used an
aggregate score by taking the mean of the forward, backward, and
sequence spans. We tested for correlations between digit span and brain
measures of attention using linear regression (in whole-brain fMRI ana-
lyses; see below) or Spearman's partial correlation (rho), with age, edu-
cation, and gender as covariates of no interest.
2.6. MRI acquisition
Functional and structural MRI data were acquired on a 3 T Siemens
TIM Trio System (Siemens, Erlangen, Germany) using a 32-channel head
coil at the Oxford Centre for Clinical Magnetic Resonance Research
(OCMR). An EPI-BOLD contrast image with 32 slices was acquired with
3-mm3 voxel size, repetition time (TR)¼ 2000ms, and echo time
(TE)¼ 30ms. Flip angle was set to 78. A ﬁeldmap image was acquired
with parameters as follows: 3.5-mm3 voxel size, TR¼ 488ms, ﬁrst
TE¼ 5.19ms, second TE¼ 7.65ms. A high–resolution whole-brain T1-
weighted structural image (MPRAGE) was acquired for registration
purposes, with 1mm3 voxel size, TR¼ 2040ms, TE¼ 4.7ms. A resting-
state scan and a separate task scan were also acquired, which do not
form part of this investigation.
2.7. fMRI analyses
fMRI data processing was carried out using FMRI Expert Analysis Tool
(FEAT) Version 6.00, part of FSL (FMRIB Software Library; http://www.
fmrib.ox.ac.uk/fsl). Pre-processing consisted of head-motion correction
(MCFLIRT; Jenkinson et al., 2002), brain extraction (FSL's Brain Extrac-
tion Tool; Smith, 2002), spatial smoothing using a Gaussian kernel of full
width at half maximum (FWHM) 8mm, and high-pass temporal ﬁltering
set at 275 s. Images were unwarped using B-0 ﬁeldmaps (Jenkinson,
2004, 2003). Functional data were registered to standard space using
FSL's Boundary-Based Registration (BBR) and non-linear registration
tools (Andersson et al., 2007; Greve and Fischl, 2009; Jenkinson et al.,
2002; Jenkinson and Smith, 2001).
Time-series analysis was carried out using FMRIB's Improved Linear
Model (FILM) with local autocorrelation correction (Woolrich et al.,
2001). Data were analysed using the general linear model (GLM). Ten
explanatory variables (EVs) were used to model task events: Face Attend166Novel (FA; face stimulus in attend-faces block), Face Ignore Novel (FI;
face in attend-houses block), House Attend Novel (HA; house in
attend-houses block), House Ignore Novel (HI; house in attend-faces
block), Face Attend Repeat (repeated face in attend-faces block), Face
Ignore Repeat (repeated face in attend-houses block), House Attend
Repeat (repeated house in attend-houses block), House Ignore Repeat
(repeated house in attend-faces block), Instructions, Incorrect Trials.
Stimulus EVs were 1000ms with inter-stimulus intervals of 2000ms.
‘Instructions’ modelled the initial instruction screen stating the block
type (2000ms). ‘Incorrect Trials’ included misses and false alarms
(1000ms). Since ‘Repeat’ conditions potentially required a response,
they were modelled but not used in main analyses to avoid artefacts and
confounds related to potential and actual responses. Time points affected
by large head movements remaining after motion correction were iden-
tiﬁed by FSL's Motion Outliers tool, and were included as confound
regressors.
In the main analysis, four contrasts were used. To localize brain areas
preferentially activated by face stimuli to identify region-of-interests
(ROIs) in the fusiform gyri (FG), we tested for regions that evoked
greater blood oxygen-level dependent (BOLD) activity for face compared
house stimuli (FA& FI>HA&HI). To localize areas preferentially active
for house stimuli to identify ROIs in the parahippocampal gyri (PHG), we
tested for regions that evoked greater activity for house stimuli compared
face stimuli (HA & HI> FA & FI; see Region-of-interest analyses section
for details). To test for areas that were modulated by attention during
selective WM for faces, we contrasted Face Attend with Face Ignore
(FA> FI). For selective WM for house stimuli, we contrasted House
Attend with House Ignore (HA>HI). All contrasts used here did not have
motor responses. Note that the contrasts used to deﬁne face-sensitive and
house-sensitive areas were orthogonal to the attention contrasts and
therefore do not suffer from selection bias (Kriegeskorte et al., 2009).
Group-level analyses were carried out using FMRIB's Local Analysis of
Mixed Effects (FLAME; Woolrich et al., 2004). Z (Gaussianized T/F)
statistic images were thresholded using clusters determined by Z> 2.3
and a whole-brain corrected, family-wise error (FWE) cluster signiﬁcance
threshold of p¼ 0.05 (Worsley, 2001). Grey-matter images were
extracted from each participant's structural scan using FMRIB's Auto-
mated Segmentation Tool (FAST; Zhang et al., 2001) and added as a
covariate to account for voxel-wise differences in grey matter in all group
analyses.
2.8. Conjunction analysis
A conjunction masking analysis on the group-level z-statistic images
(FWE cluster-corrected) was performed to localise attentional control
areas involved in both face attention (FA> FI) and house attention
(HA>HI). To compute the conjunction image, we multiplied the FA> FI
contrast z-statistic image with the HA>HI contrast z-statistic image.
Each contributing contrast was thresholded to include only signiﬁcant
clusters at the whole-brain level, so that voxels that do not overlap in the
two images would have a value of zero. The resulting image was binar-
ized. Only voxels that were signiﬁcant at Z> 3.09, or p< 0.001 in both
contrasts were selected.
2.9. Region-of-interest analyses
To test for attentional modulation in category-sensitive areas, we
focused on the posterior fusiform (FG; Allison et al., 1994; Kanwisher
et al., 1997; Puce et al., 1995) within the network of areas that respond
strongly to faces (Allison et al., 1999; Behrmann and Plaut, 2013). To test
for modulation in place-sensitive areas, we focused on the para-
hippocampal gyri (PHG; Epstein and Kanwisher, 1998). To do this, the
coordinates of the peak BOLD signal (z-statistic) at the group-level were
identiﬁed in the inferior temporal (IT) lobe from the faces versus houses
contrast (FG) and the houses versus faces contrast (PHG). This gave us
one ROI in each hemisphere for each contrast, giving four ROIs per
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(17mm3 cubes) were transformed into single-subject space. We ensured
no spatial overlap between the masks in all participants, and that each
participant's ROIs laid within the vicinity of the face and place-sensitive
areas (Epstein and Kanwisher, 1998; Kanwisher et al., 1997). Within
each mask, we extracted the coordinates with the peak activity (z-sta-
tistic) from each participant for each localizer contrast. A pair of spher-
ical masks (5mm3) were constructed and centred on the
single-participant deﬁned FGs and PHGs from each hemisphere to extract
mean beta estimates in the FA, FI, HA, and HI conditions. Since we were
mainly interested the effect of attention on BOLD activity in
category-sensitive cortex, and not hemispheric differences, beta esti-
mates were averaged across hemispheres in the FG and the PHG in each
condition.
To examine top-down modulation during category-based attention in
face-sensitive and house-sensitive regions, repeated-measures ANCOVAs
were performed on BOLD activity (beta estimates) for each bilateral ROI
(FG, PHG) with factors Attention (Attend, Ignore) and Stimulus Category
(Faces, Houses); with age, education, and gender as covariates. Follow-up
pairwise t-tests were used to assess condition differences. We tested for a
relation between attentional modulation (BOLD in attend minus ignore
conditions in the category-sensitive bilateral ROIs) and the effect of
attention on subsequent memory (memory accuracy difference between
attended images versus ignored images) using Spearman's partial corre-
lation, controlling for age, education, and gender. We also tested for a
relation between attentional modulation and digit span, controlling for
age, education, and gender. Finally, we also tested if attentional modu-
lation was correlated with age, controlling for education and gender.
Correlation coefﬁcients were compared by using Fisher's r-to-z trans-
formation and tested for signiﬁcant differences (Cohen and Cohen,
1983). Participants were excluded from a certain statistical test if the
extracted BOLD activity in a given condition, or from a contrast of two
attention conditions, was greater or smaller than three standard de-
viations from the group mean. Using this criterion, we excluded ﬁve
participants in total: one participant with an outlier in the FG in condition
FI, one participant from the FG in the FA-FI contrast, one participant from
the PHG in condition HA, one participant in the FG in condition FI, and
one participant in the PHG in condition FA and the FA-FI contrast (same
participant). Results were equivalent with or without outlier exclusion.
2.10. Brain-behavior correlations within attention-related modulated
regions
To test for individual differences in attention-related modulation of
BOLD for faces (FA> FI) and houses (HA>HI) that corresponded to i)
the effect of attention on subsequent memory, ii) WM capacity, and iii)
age; subsequent-memory difference scores for faces (proportion
remembered attended face images – proportion remembered ignored
face images) and houses (proportion remembered attended house images
– proportion remembered ignored house images), mean digit span, and
age were included as regressors in the GLM. Education and gender were
included as regressors of no interest. To test for relations between these
measures and activity in attention-modulated regions, we ran a group
analysis with only education and gender as covariates of no interest and
constructed masks from two contrasts (FA> FI and HA>HI, separately)
to localise the areas that showed signiﬁcant attentional modulation. Two
group-level analyses for each contrast were performed with age as a re-
gressor and education and gender as covariates of no interest, using the
activation masks as pre-threshold masks to restrict the correlations to
areas that exhibited attentional modulation in each respective contrast.
To test the relation between areas that showed signiﬁcant attentional
modulation with digit span and subsequent memory, a group analysis
was conducted with age, education, and gender as covariates to obtain
the activation masks for the two main contrasts. Group-level analyses
were then performed to test for a relation between the attentional
modulation for faces (FA> FI) and digit span using the activation mask167from the face attention contrast, and attentional modulation for houses
(HA>HI) and digit span using the activation mask from the house
attention contrast. The activation mask from the face-attention contrast
was used to test for a relation between the attentional modulation for
faces and the subsequent memory difference score for faces, and the
activation mask from the house-attention contrast was used to test for a
relation between modulation for houses and the subsequent memory
difference score for houses. In both analyses, age, education, and gender
were included as covariates of no interest. A group-level analysis without
pre-threshold masking produced very similar results.
Information on signiﬁcant clusters including peak locations, cluster
size, statistical values, and peak MNI coordinates is reported in the Ap-
pendix (fMRI cluster tables). The ﬁrst local maximum value reported for
each cluster is the peak activation within that cluster. The Harvard-
Oxford cortical and subcortical structural atlases (in FSL) were used as
a guide for labelling anatomical locations of the local maxima.
2.11. Psychophysiological interaction analyses
We used psychophysiological interaction (PPI) analyses (Friston
et al., 1997) to test for brain areas that were functionally coupled with
category-sensitive visual cortex during selective WM. PPI was imple-
mented in FSL (O'Reilly et al., 2012).
We tested for areas that showed greater coupling with bilateral FG (as
PPI seed) when encoding faces that were attended versus ignored
(FA> FI). We performed the same analysis for bilateral PHG for attended
versus ignored house stimuli (HA > HI). For each PPI, we included four
regressors: 1) the contrast of interest (e.g. FA – FI); 2) the time course of
the seed ROI (e.g. bilateral FG); 3) the element-wise product of the ﬁrst
two regressors, representing the PPI; and 4) both conditions (e.g.
FAþ FI). The fourth regressor was included to model the shared variance
of the two regressors not modelled by the contrast itself. In each analysis,
all other task regressors noted in the main analysis were also included
(O'Reilly et al., 2012). Group-level analyses were performed using
FLAME, with age and digit span as regressors of interest, and education
and gender as regressors of no interest. Group-level analyses were per-
formed separately with subsequent memory difference scores for faces as
a regressor for the FA> FI contrast (PPI with FG), and subsequent
memory difference scores for houses as a regressor for the HA>HI
contrast (PPI with PHG). Since we were interested in brain regions that
correlated with these measures within and outside of areas that showed
attentional modulation, pre-threshold activation masking was not used.
2.12. Neurovault
Unthreshholded whole-brain maps are available at https://neurovau
lt.org/collections/4742/(Gorgolewski et al., 2015).
3. Results
3.1. Behavioral results
3.1.1. Selective WM task performance
Performance accuracy was near ceiling for both attend-face (hit rate:
0.97 0.01) and attend-house (hit rate: 0.95 0.01) blocks (hit-rate
difference: t (69)¼ 1.80, p¼ 0.08, d¼ 0.25), and participants were
slightly faster during attend-face (628 8.93ms) compared to attend-
house blocks (650 9.96ms; t (69)¼ -2.05, p¼ 0.045, d¼0.28).
Performance was not signiﬁcantly correlated with age in the attend-face
blocks (hit rate: rho¼0.07, p¼ 0.60; RT: rho¼ 0.02, p¼ 0.88), attend-
house blocks (hit rate: rho¼ 0.10, p¼ 0.41; RT: rho¼0.07, p¼ 0.55),
or the difference between attend-face and attend-house blocks (hit rate:
rho¼0.15, p¼ 0.21; RT: rho¼ 0.06, p¼ 0.64).
3.1.2. Subsequent memory performance
Older adults performed relatively well on the subsequent memory test
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new images: 0.78 0.01) and houses (0.71 0.01). They were much
more likely to remember images that were attended (0.74 0.02) in the
main experiment compared to images that were ignored (0.60 0.02) (F
(1,65)¼ 57.78, p¼ 1.49e-10, ηp2¼ 0.47; Fig. 1B), reﬂecting effective se-
lection of relevant items and suppression of distractors during the WM
task. There was no signiﬁcant difference for memory between faces and
houses presented in the main task (F (1,65)¼ 0.90, p¼ 0.35, ηp2¼ 0.01)
and no difference in the attention effect between stimulus categories
(Interaction: F (1,65)¼ 0.62, p¼ 0.43, ηp2¼ 0.009).
3.2. fMRI results
3.2.1. Common activations in category-based selective WM
Older adults recruited a common set of brain regions during selective
WM for faces and during selective WM for houses, including PFC,
temporal-occipital cortex including IT gyrus, fusiform gyrus, and lateral
occipital cortex (LOC) (Fig. 2). Areas activated in both hemispheres
included frontal operculum (fO) and the insular cortex, frontal pole,
dorsal anterior cingulate cortex (ACC), FG, IT gyrus, and LOC. Activa-
tions in the left hemisphere included middle frontal gyrus (MFG), pre-
central gyrus, inferior frontal gyrus (IFG) par opercularis, and orbital
frontal cortex (OFC). Common activations in subcortical areas included
small regions in the right caudate, left hippocampus, thalamus, and
amygdala (not shown in ﬁgure).
3.2.2. Top-down modulation of category-sensitive visual cortex during
selective WM in aging
Older adults were able to use top-down attention to modulate
category-sensitive visual cortex during selective WM (Fig. 3A). Repli-
cating the well established pattern of categorical functional specialisa-
tion, BOLD activity was stronger for faces in the FG (F (1,63)¼ 304.98,
p¼ 7.86e-26, ηp2¼ 0.83) and houses in the PHG (F (1,64)¼ 461.87,
p¼ 5.68e-31, ηp2¼ 0.88). Both regions were strongly modulated by
attention to stimulus category. There was a signiﬁcant effect of category-
based attention in the FG (F (1,63)¼ 34.99, p¼ 1.48e-07, ηp2¼ 0.36),
with greater BOLD for attended versus ignored stimuli, but no signiﬁcant
interaction with Stimulus Category (F (1,63)¼ 2.74, p¼ 0.1, ηp2¼ 0.04).
There was a signiﬁcant effect of attention for houses in the PHG
(Attention: F (1,64)¼ 20.16, p¼ 3.03e-05, ηp2¼ 0.24) and an interaction
between Attention and Stimulus Category (F (1,64)¼ 19.60, p¼ 3.80e-
05, ηp2¼ 0.23) where BOLD activity was greater for the attended-houses
compared to ignore-houses conditions (t (69)¼ 6.37, p¼ 1.91e-08,
d¼ 0.52) but not in the attend-faces versus ignore-faces conditions (t
(69)¼ 1.37, p¼ 0.18, d¼ 0.13; difference between conditions: tFig. 2. Common brain regions recruited during category-based selective WM for
both faces and houses in older adults. Conjunction mask (white) showing
recruitment of dorsolateral and inferior prefrontal cortex and lateral occipital
cortex during selective WM. Areas in white mark regions that were active for
both face attention (FA> FI) and house attention (HA>HI) (Z> 3.09 voxel-
wise uncorrected within signiﬁcant clusters in both contrasts). Brains are dis-
played in neurological convention; L¼ L.
168(67)¼ 4.48, p¼ 2.88e-05, d¼ 0.62).
The degree of top-down modulation in bilateral FG positively corre-
lated with effect of attention on subsequent memory for faces (memory
difference between attended versus ignore face images; rho¼ 0.37,
p¼ 0.003; Fig. 3B, right). Given the lack of an interaction of Attention
and Stimulus Category in bilateral FG in the ANCOVA above, we might
expect top-down modulation in FG to correlate with the effect of atten-
tion on house memory as well. Alternatively, if the modulation in FG was
more speciﬁc to encoding faces into memory, this should only correlate
with attention effects on memory for faces. We found that top-down
modulation for houses in bilateral FG was not signiﬁcantly correlated
with attention effects on memory for houses (rho¼ 0.02, p¼ 0.86) and
the correlation coefﬁcient was signiﬁcantly greater for the effect of
attention of face memory compared to house memory (z¼ 2.08,
p¼ 0.038). Top-down modulation in bilateral PHG positively correlated
with digit span (rho¼ 0.34, p¼ 0.005; Fig. 3C, right). Top-down mod-
ulation in bilateral PHG was not signiﬁcantly correlated with subsequent
memory for houses (rho¼ 0.17, p¼ 0.17). Age was not signiﬁcantly
associated with top-downmodulation in FG (rho¼0.05, p¼ 0.67) or in
PHG (rho¼0.01, p¼ 0.91).
Among brain regions that showed attention-related modulation dur-
ing selective WM for faces, we found that activity in right posterior IT
including the LOC and posterior FG positively correlated with the effect
of attention on subsequent memory for faces (p¼ 0.001, cluster-
corrected; Fig. 3B, left; Table S1). Among attention-modulated regions
during selective WM for houses, activity in right LOC and bilateral IT
including the PHG was positively correlated with digit span (p's< 0.026,
cluster-corrected; Fig. 3C, left; Table S2). Neither showed a signiﬁcant
relationship with age (all p> 0.05, cluster-corrected). The regions that
showed signiﬁcant positive correlations with digit span and subsequent
memory difference scores were qualitatively very similar when analyses
were performed with or without a pre-threshold mask, with correlations
mainly restricted to visual areas.
3.2.3. Functional coupling with category-sensitive visual areas during
selective WM
To identify control-related brain regions in which activity co-varied
with activations in category-sensitive cortex depending on category-
based selective attention, we used a PPI analysis. Activity in bilateral
FG was coupled with bilateral precuneus and cuneal cortex, left superior
parietal lobe, and right postcentral gyrus when participants were
ignoring faces compared to attending faces (FI> FA; p's< 0.02, cluster-
corrected; Fig. 4A; Table S3). Although no brain areas showed signiﬁ-
cant coupling with bilateral FG for face attention (FA> FI) at the group
level, the degree of this coupling in a network of brain areas was posi-
tively correlated with the effect of attention on subsequent memory for
faces (subsequent memory difference score), including the right hippo-
campus, LOC, superior temporal sulcus (STS), OFC (Fig. 4B, p's< 0.05,
cluster-corrected; Table S4). In other words, participants that showed a
larger difference between subsequent memory for attended faces
compared to ignore faces showed more coupling between bilateral FG
and these brain areas during selective encoding of faces into WM. Ac-
tivity in bilateral PHG preferentially coupled with the left PFC, including
the fO, IFG pars opercularis, central opercular cortex, and precentral
gyrus during attending relative to ignoring houses (Fig. 4C; p¼ 5.36e-7,
cluster-corrected; Table S5).
4. Discussion
We tested a large group of older adults and found that they were able
to use top-down control to modulate category-sensitive cortex in a se-
lective WM task. Older adults used category-based attention to encode
target items into WM and suppress distractor items. Their effective use of
selective attention was evident from their high degree of accuracy during
task performance. Better subsequent memory of attended images relative
to ignored images further showed that selective attention to individual
Fig. 3. Top-down attentional modulation in category-
sensitive visual cortex during selective WM and cor-
relations with behavior. (A) Bar plots showing
attention-related modulation of category-sensitive vi-
sual cortex (ROI analyses). Left: BOLD activity in
bilateral fusiform gyri (FG) was modulated by stim-
ulus category, with greater activity for faces than
houses, but attention-related modulation was similar
for faces and houses. Bilateral FG showed greater ac-
tivity in the attend-face (FA; yellow) versus the
ignore-face (FI; light grey) conditions, as well as in the
attend-house (HA; green) compared to the ignore-
house (HI; grey) conditions. Right: BOLD activity in
bilateral parahippocampal gyri (PHG) was modulated
by stimulus category, with greater activity for houses
than faces, and displayed strongly selective attention-
related modulation for WM encoding of houses.
Bilateral PHG showed greater activity in the attend-
house (HA; green) compared to the ignore-house
(HI; grey) conditions, but not for attend-face (FA;
yellow) versus the ignore-face (FI; light grey) condi-
tions. ***p < 7.89e-08; **p ¼ 0.0003. Beta estimates
are in arbitrary units. Error bars represent standard
error of the mean. (B–C) The degree of attention-
related modulation was positively correlated with
the effect of attention on subsequent memory and
with digit span. B) Left: Scatterplot of BOLD activity
(FA-FI) from participant-deﬁned bilateral FG plotted
as a function of subsequent memory difference scores
for faces. Right: Degree of attention-related modula-
tion in right lateral occipital cortex (LOC) and FG
(approximate locations circled) during selective WM
for faces was positively correlated with the effect of
attention on subsequent memory for faces. Signiﬁcant
regions are displayed in red-yellow shading
(p ¼ 0.001, cluster-corrected). C) Left: Scatterplot of
BOLD activity (HA-HI) from participant-deﬁned
bilateral PHG plotted as a function of digit span.
Right: Degree of attention-related modulation in
bilateral IT, including PHG (approximate locations
circled) and left LOC during selective WM for houses
was positively correlated with digit span, a measure of
WM capacity obtained in a separate session. Signiﬁ-
cant regions are displayed in red-yellow shading
(p's < 0.026, cluster-corrected). Activations on brains
are z-statistic images. Brains are displayed in neuro-
logical convention; L ¼ L.
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Category-sensitive cortex showed greater activation to the attended
versus ignored category during WM encoding, and the degree of modu-
lation was associated with behavioral consequences of selective attention
andWM span. Purported control regions, including dorsolateral PFC, IFC,
and ACC, were recruited in both types of category attention in concert
with category-sensitive cortex, and the degree of coupling between FG
and the right hippocampus, STS, and OFC was correlated with the effect
of attention on subsequent recognition memory for faces.
As a group, older adults recruited greater activity for attended
compared to ignored faces in the FG and attended compared to ignored
houses in the PHG, as reported in other studies in younger (O'Craven
et al., 1999) and older adults (Chadick et al., 2014; Gazzaley et al., 2005).
Attention-related modulation in bilateral PHG was reliably
category-selective, with greater activity in attend-compared to169ignore-house conditions but not for attend-compared to ignore-face
conditions. Modulation in the FG was less selective, with a similar de-
gree of modulation irrespective of stimulus category, despite overall
signiﬁcantly lower activity for house stimuli. Interestingly, the effect of
attention on subsequent memory for faces (memory for attended minus
ignore faces) was only correlated with modulation in the FG but not the
PHG, indicating some attention-related category specialisation after all.
In the PHG, there was a strong positive correlation between
attention-related modulation and WM span as measured by digit span
tasks. SinceWM span was assessed using a different task and in a separate
session, this suggests that attention-related modulation in
category-sensitive cortex can also index general WM function. This ex-
tends previous work that showed a positive correlation between
attention-related suppression in PHG with WM performance in the same
task (Gazzaley et al., 2005; see below for further discussion), and gives
Fig. 4. Psychophysiological interaction analyses
showing brain areas that exhibited coupled activity
with category-sensitive visual areas during selective
WM in older adults. A) Activity in bilateral precuneus
and left superior parietal lobe were more coupled with
bilateral FG during suppression of distractor faces
relative to encoding faces into WM (FI> FA,
p¼ 1.19e-7, cluster-corrected). B) The degree of
coupling between bilateral FG and a network of
frontal and temporal brain regions predominantly on
the right hemisphere during selective WM for faces
(FA> FI) were positively correlated with the effect of
attention on subsequent memory for faces (FA-FI; red-
yellow shading, p's< 0.05 cluster-corrected). y-coor-
dinate in MNI space. C) Activity in left fO/anterior
insular, IFG, and precentral gyrus, was coupled with
activity in bilateral PHG during selective WM encod-
ing of house stimuli (HA>HI; p¼ 5.36e-7, cluster-
corrected). Brains are displayed in neurological
convention; L¼ L.
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in supporting effective WM function (Myers et al., 2017; Nobre and
Stokes, 2011; Vogel et al., 2005; Vogel and Machizawa, 2004) in older
adults.
The PFC plays a key role in top-down attention (Miller and Cohen,
2001; Petersen and Posner, 2012), and inferior PFC regions such as the
IFG appear to play an important role in category and feature-based
attention in younger adults (Baldauf and Desimone, 2014; Zanto et al.,
2011, 2010). Consistent with these studies, we found strong recruitment
of activity in PFC during selective WM for faces and for houses in older
adults, including bilateral IFC (including IFG), left dorsolateral PFC, and
ACC. During selective WM for houses, bilateral PHG showed coupled
activity with the left IFC, similar to studies that ﬁnd IFG involvement in
category and feature-based attention (Baldauf and Desimone, 2014) and
selective WM tasks (Zanto et al., 2010, 2011). We also found that during
face attention, activity in the FG for suppression of faces (FI> FA) was
coupled with greater activity in task-negative areas including the pre-
cuneus (Chadick and Gazzaley, 2011; Kim et al., 2010). However, we did
not ﬁnd any brain regions that were signiﬁcantly coupled with FG during
selective WM for faces (FA> FI) or any brain regions that were signiﬁ-
cantly coupled with the PHG for ignoring houses (HI>HA). One possible
reason for the asymmetry in the modulatory patterns is that faces
intrinsically capture attention (Hershler and Hochstein, 2005; Langton
et al., 2008) and can be harder to suppress when acting as distractors,
consistent with the slower reaction times for attend-house blocks here
which required selective suppression of salient faces. The greater need
for selective enhancement and suppression may explain why during the
attend-house conditions (HA and FI), there was more crosstalk between
the relevant category-sensitive regions and these brain regions. We also
found that areas implicated in explicit memory encoding were coupled
with face-sensitive FG during face attention and correlated with subse-
quent memory advantages. Speciﬁcally, the degree of coupling between
the right hippocampus, STS, and OFC with FG was predictive of memory170for relevant (attended) faces over distractors, which suggests that effec-
tive top-down attention can modulate long-term memory encoding in
older adults (see Aly and Turk-Browne, 2018). Notably, there was no hint
of a relation between this effect and age in our older sample, meaning this
was not simply a younger subset of the older adults who were performing
better. The hippocampus is involved in long-term memory (Nadel and
Moscovitch, 1997) and the right hippocampus has been implicated in
face memory in younger adults (Grady et al., 1995; Haxby et al., 1996;
Milner, 1968). Grady et al. (1995) showed activation of the right hip-
pocampus for encoding faces into memory in younger but not in older
adults, which they suggested could have been the reason for poorer face
memory in the older group. In light of this, our results suggest that the
cognitively healthy adults within our current group may have been able
to recruit this memory network more effectively for selective encoding of
faces into memory. Our ﬁndings suggest that, if older adults are able to
recruit brain regions effectively and in concert with each other, they can
more effectively encode information into WM amongst distractors, which
may reﬂect healthier or more ‘youth-like’ cognitive brain processes.
Some researchers have attributed general age-related cognitive deﬁ-
cits speciﬁcally to a decline in inhibitory control (Hasher and Zacks,
1988; Lustig et al., 2007), and impairment in the inhibition of irrelevant
information (e.g. Hasher and Zacks, 1988; Zanto and Gazzaley, 2014;
also see McNab et al., 2015). Gazzaley et al. (2005) tested older and
younger adults on a selective WM task with face and scene images using
fMRI and showed that the older group did not suppress BOLD activity
according to attentional demands. Speciﬁcally, they concentrated on the
left PHG, and found that brain activity was supressed when scenes were
distractors (relative to passively viewed scenes) in younger but not in
older adults, whereas left PHG activity was enhanced during encoding
scenes into WM (compared to passively viewed scenes) in both groups
(also see Chadick et al., 2014). In one study Gazzaley et al. (2005) found a
relation between the degree of suppression in the left PHG with WM
accuracy for faces, and in a second study (Chadick et al., 2014) they
R.M. Mok et al. NeuroImage 194 (2019) 163–173found that suppression in the left PHG was negatively correlated with
distractibility (face WM accuracy with distractors minus face WM accu-
racy without distractors) in relatively small samples of older adults (18
and 16, respectively). It appears that enhancement effects were not
related to behavior (not reported), and notably, enhancement effects
were not signiﬁcantly different between age groups. In the current study,
we set out to test for individual differences in selective WM in relation to
top-down modulation of brain activity. Despite this, we found strong
bilateral attention-related modulations during selective WM for both
faces and houses, and a signiﬁcant correlation between modulation and
behavioral markers of attention andWM. Our strong effects are likely due
to a large cohort which could have overcome some problems such as
lower reliability related to MRI signals, and higher behavioral variability
in older adult groups (Botwinick, 1978; Krauss, 1980; Welford, 1985).
This suggests that it is possible to examine brain markers of effective
top-down control for selectiveWM in older adults using our experimental
design, which is an elderly-friendly task and more efﬁcient (requires
fewer experimental conditions), and allows testing large groups of par-
ticipants to more effectively probe inter-individual differences. Our
design did not, however, enable the disambiguation of effects related to
enhancement of target stimuli vs. suppression of distractors. Future
studies that include additional divided-attention and passive-viewing
conditions may thus be able to build on our ﬁndings to examine
attention-related mechanisms with greater granularity.
In the current study, older adults showed strong recruitment of non-
sensory brain regions implicated in cognitive control and memory, along
with appropriate modulation in category-sensitive cortex which posi-
tively correlated with behavioral performance but not with age. Some
studies have reported older adults show strong or over-recruitment of
control areas including frontal and parietal cortex (e.g. Cabeza et al.,
2002; Cappell et al., 2010; Madden, 2007), whereas others reported
under-recruitment of control areas (e.g. Nyberg et al., 2010; Rypma and
D'Esposito, 2000). Reuter-Lorenz and Cappell (2008) suggested these
results might reﬂect the ability of older adults to cope with the task de-
mands. Speciﬁcally, when older adults are proﬁcient at a particular task,
there may be over-recruitment of PFC, reﬂecting the greater cognitive
resources required to perform to a similar level to younger adults,
whereas when they struggle, they would show under-recruitment
reﬂecting poor task execution (Cappell et al., 2010; Schneider-Garces
et al., 2010). Indeed, mounting evidence suggests that the degree of
activation of control regions is linked more closely with performance
than age (e.g. Cappell et al., 2010; H€oller-Wallscheid et al., 2017; Kurth
et al., 2016; Loosli et al., 2016; Nagel et al., 2011, 2009). Our results are
consistent with this work, suggesting that the degree of recruitment of
purported control regions and task-relevant attention-related modulation
play a role in supporting cognitive performance, and may be a marker of
the cognitive health of these brain mechanisms in normal aging.
Our study shows that older adults are able to use selective attention to
control the contents of WM and could be used to support other cognitive
processes that undergo age-related decline. Despite effective selective
WM in older adults as a group, there were individual differences in the
degree of top-down modulation in relevant brain regions, and this vari-
ability was predictive of WM function. Our study suggests that studying
the variability in behavior and brain patterns in older adults is a prom-
ising way to characterise the neural systems that support cognitive
abilities in old age, and future studies should use multiple tasks with
varying levels of cognitive demand to reveal how the brain markers adapt
or break down in different cognitive scenarios in normal aging.
Declarations of interest
None.
Acknowledgements
We thank Susie Murphy, Angela Rylands, and Emily Holmes for their171help on setting up the Cognitive Health in Ageing (CHA) project, and
Claire Burley and Clare Palmer for help with recruitment. This study was
supported by a Wellcome Trust Senior Investigator Award (ACN)
104571/Z/14/Z, a European Union FP7 Marie Curie ITN Grant N.
606901 (INDIREA), the National Institute for Health Research Oxford
Health Biomedical Research Centre (BRC) based at the Oxford Health
Foundation Trust and the University of Oxford. The Wellcome Centre for
Integrative Neuroimaging is supported by core funding from the Well-
come Trust (203139/Z/16/Z). The views expressed here are those of the
authors and not necessarily those of the NHS, the NIHR or Department of
Health.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuroimage.2019.03.033.
References
Allison, T., Ginter, H., McCarthy, G., Nobre, A.C., Puce, A., Luby, M., Spencer, D.D., 1994.
Face recognition in human extrastriate cortex. J. Neurophysiol. 71, 821–825. http
s://doi.org/8176446.
Allison, T., Puce, A., Spencer, D.D., McCarthy, G., 1999. Electrophysiological studies of
human face perception. I: potentials generated in occipitotemporal cortex by face and
non-face stimuli. Cerebr. Cortex 9, 415–430. https://doi.org/10.1093/cercor/9.5.
415.
Aly, M., Turk-Browne, N.B., 2018. Flexible weighting of diverse inputs makes
hippocampal function malleable. Neurosci. Lett. 680, 13–22. https://doi.org/10.10
16/j.neulet.2017.05.063.
Andersson, J.L.R., Jenkinson, M., Smith, S., 2007. Non-linear registration aka spatial
normalisation FMRIB technial report TR07JA2. In: Pract, p. 22.
Baldauf, D., Desimone, R., 2014. Neural mechanisms of object-based attention. Science
344, 1–37. https://doi.org/10.1126/science.1247003.
Behrmann, M., Plaut, D.C., 2013. Distributed circuits, not circumscribed centers, mediate
visual recognition. Trends Cognit. Sci. 17 , 210–219. https://doi.org/10.1016/j.t
ics.2013.03.007.
Botwinick, J., 1978. In: Aging and Behavior, second ed. Springer, New York.
Braver, T.S., 2012. The variable nature of cognitive control: a dual mechanisms
framework. Trends Cognit. Sci. 16, 106–113. https://doi.org/10.1016/j.tics.20
11.12.010.
Braver, T.S., Barch, D.M., 2002. A theory of cognitive control, aging cognition, and
neuromodulation. Neurosci. Biobehav. Rev. 26, 809–817.
https://doi.org/10.1016/S0149-7634(02)00067-2.
Cabeza, R., Anderson, N.D., Locantore, J.K., McIntosh, A.R., 2002. Aging gracefully:
compensatory brain activity in high-performing older adults. Neuroimage 17,
1394–1402. https://doi.org/S1053811902912802.
Campbell, K.L., Hasher, L., Thomas, R.C., 2010. Hyper-binding: a unique age effect.
Psychol. Sci. a J. Am. Psychol. Soc./APS 21, 399–405. https://doi.org/10.1177
/0956797609359910.
Cappell, K.A., Gmeindl, L., Reuter-Lorenz, P.A., 2010. Age differences in prefontal
recruitment during verbal working memory maintenance depend on memory load.
Cortex 46, 462–473. https://doi.org/10.1016/j.cortex.2009.11.009.
Castel, A.D., Benjamin, A.S., Craik, F.I.M., Watkins, M.J., 2002. The effects of aging on
selectivity and control in short-term recall. Mem. Cognit. 30, 1078–1085. https
://doi.org/10.3758/BF03194325.
Castel, A.D., Farb, N.A.S., Craik, F.I.M., 2007. Memory for general and speciﬁc value
information in younger and older adults: measuring the limits of strategic control.
Mem. Cognit. 35, 689–700. https://doi.org/10.3758/BF03193307.
Chadick, J.Z., Gazzaley, A., 2011. Differential coupling of visual cortex with default or
frontal-parietal network based on goals. Nat. Neurosci. 14, 830–832. https://doi.
org/10.1038/nn.2823.
Chadick, J.Z., Zanto, T.P., Gazzaley, A., 2014. Structural and functional differences in
medial prefrontal cortex underlie distractibility and suppression deﬁcits in ageing.
Nat. Commun. 5, 4223. https://doi.org/10.1038/ncomms5223.
Cohen, J., Cohen, P., 1983. Applied Multiple Regression/correlation Analysis for the
Behavioral Sciences. Erlbaum, Hillsdale, NJ.
Davis, J.C., Marra, C.A., Najafzadeh, M., Liu-Ambrose, T., 2010. The independent
contribution of executive functions to health related quality of life in older women.
BMC Geriatr. 10, 16. https://doi.org/10.1186/1471-2318-10-16.
Epstein, R., Kanwisher, N., 1998. A cortical representation of the local visual
environment. Nature 392, 598–601. https://doi.org/10.1038/33402.
Folstein, M., Folstein, S., McHugh, P., 1975. “Mini-mental state”. A practical method for
grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 12,
189–198.
Friston, K.J., Buechel, C., Fink, G.R., Morris, J., Rolls, E., Dolan, R.J., 1997.
Psychophysiological and modulatory interactions in neuroimaging. Neuroimage 6,
218–229. https://doi.org/10.1006/nimg.1997.0291.
Gazzaley, A., Cooney, J.W., Rissman, J., D'Esposito, M., 2005. Top-down suppression
deﬁcit underlies working memory impairment in normal aging. Nat. Neurosci. 8,
1298–1300. https://doi.org/10.1038/nn1543.
R.M. Mok et al. NeuroImage 194 (2019) 163–173Gazzaley, A., Nobre, A.C., 2012. Top-down modulation: bridging selective attention and
working memory. Trends Cognit. Sci. 16, 129–135. https://doi.org/10.1016/j.tics.20
11.11.014.
Gilchrist, A.L., Duarte, A., Verhaeghen, P., 2016. Retrospective cues based on object
features improve visual working memory performance in older adults. Neuropsychol.
Dev. Cogn. B. Aging. Neuropsychol. Cogn. 23, 184–195. https://doi.org/10.1080/
13825585.2015.1069253.
Gorgolewski, K.J., Varoquaux, G., Rivera, G., Schwarz, Y., Ghosh, S.S., Maumet, C.,
Sochat, V.V., Nichols, T.E., Poldrack, R.A., Poline, J.-B., Yarkoni, T., Margulies, D.S.,
2015. NeuroVault.org: a web-based repository for collecting and sharing
unthresholded statistical maps of the human brain. Front. Neuroinf. 9. https://doi
.org/10.3389/fninf.2015.00008.
Grady, C.L., 2008. Cognitive neuroscience of aging. Ann. N. Y. Acad. Sci. 1124, 127–144.
https://doi.org/10.1196/annals.1440.009.
Grady, C.L., McIntosh, A.R., Horwitz, B., Maisog, J.M., Ungerleider, L.G., Mentis, M.J.,
Pietrini, P., Schapiro, M.B., Haxby, J.V., 1995. Age-related reductions in human
recognition memory due to impaired encoding. Science 269, 218–221. https://doi.o
rg/10.1126/science.7618082.
Greenwood, P.M., Parasuraman, R., Haxby, J.V., 1993. Changes in visuospatial attention
over the adult lifespan. Neuropsychologia 31, 471–485.
https://doi.org/10.1016/0028-3932(93)90061-4.
Greve, D.N., Fischl, B., 2009. Accurate and robust brain image alignment using boundary-
based registration. Neuroimage 48, 63–72. https://doi.org/10.1016/j.neuroimage.
2009.06.060.
Hasher, L., Zacks, R.T., 1988. Working memory, comprehension, and aging: a review and
a new view. Psychol. Learn. Motiv. - Adv. Res. Theory 22, 193–225.
https://doi.org/10.1016/S0079-7421(08)60041-9.
Haug, H., Eggers, R., 1991. Morphometry of the human cortex cerebri and corpus
striatum during aging. Neurobiol. Aging 12, 336–338.
https://doi.org/10.1016/0197-4580(91)90013-A.
Haxby, J.V., Ungerleider, L.G., Horwitz, B., Maisog, J.M., Rapoport, S.I., Grady, C.L.,
1996. Face encoding and recognition in the human brain. Proc. Natl. Acad. Sci. Unit.
States Am. 93, 922–927. https://doi.org/10.1073/pnas.93.2.922.
Hershler, O., Hochstein, S., 2005. At ﬁrst sight: a high-level pop out effect for faces. Vis.
Res. 45, 1707–1724. https://doi.org/10.1016/j.visres.2004.12.021.
H€oller-Wallscheid, M.S., Thier, P., Pomper, J.K., Lindner, A., 2017. Bilateral recruitment
of prefrontal cortex in working memory is associated with task demand but not with
age. Proc. Natl. Acad. Sci. Unit. States Am. 114, E830–E839. https://doi.org/10.1
073/pnas.1601983114.
Jenkinson, M., 2004. Improving the registration of B0-disorted EPI images using
calculated cost function weights. In: Tenth International Conference on Functional
Mapping of the Human Brain.
Jenkinson, M., 2003. Fast, automated, N-dimensional phase-unwrapping algorithm.
Magn. Reson. Med. 49, 193–197. https://doi.org/10.1002/mrm.10354.
Jenkinson, M., Bannister, P., Brady, M., Smith, S., 2002. Improved optimization for the
robust and accurate linear registration and motion correction of brain images.
Neuroimage 17, 825–841. https://doi.org/10.1016/S1053-8119(02)91132-8.
Jenkinson, M., Smith, S., 2001. A global optimisation method for robust afﬁne
registration of brain images. Med. Image Anal. 5, 143–156.
https://doi.org/10.1016/S1361-8415(01)00036-6.
Kanwisher, N., McDermott, J., Chun, M.M., 1997. The fusiform face area: a module in
human extrastriate cortex specialized for face perception. J. Neurosci. 17,
4302–4311. https://doi.org/10.1098/Rstb.2006.1934.
Kim, H., Daselaar, S.M., Cabeza, R., 2010. Overlapping brain activity between episodic
memory encoding and retrieval: roles of the task-positive and task-negative networks.
Neuroimage 49, 1045–1054. https://doi.org/10.1016/j.neuroimage.2009.07.058.
Krauss, J.K., 1980. Between- and within-group comparisons in aging research. In:
Poon, L.W. (Ed.), Aging in the 1980s. APA, Washington, D.C., pp. 542–551
Kriegeskorte, N., Simmons, W.K., Bellgowan, P.S., Baker, C.I., 2009. Circular analysis in
systems neuroscience: the dangers of double dipping. Nat. Neurosci. 12, 535–540. htt
ps://doi.org/10.1038/nn.2303.
Kurth, S., Majerus, S., Bastin, C., Collette, F., Jaspar, M., Bahri, M.A., Salmon, E., 2016.
Effects of aging on task- and stimulus-related cerebral attention networks. Neurobiol.
Aging 44, 85–95. https://doi.org/10.1016/j.neurobiolaging.2016.04.015.
Langton, S.R.H., Law, A.S., Burton, A.M., Schweinberger, S.R., 2008. Attention capture by
faces. Cognition 107, 330–342. https://doi.org/10.1016/j.cognition.2007.07.012.
Linke, A.C., Vicente-Grabovetsky, A., Mitchell, D.J., Cusack, R., 2011. Encoding strategy
accounts for individual differences in change detection measures of VSTM.
Neuropsychologia 49, 1476–1486. https://doi.org/10.1016/j.neuropsychologia.20
10.11.034.
Loosli, S.V., Rahm, B., Unterrainer, J.M., Mader, I., Weiller, C., Kaller, C.P., 2016. Age
differences in behavioral and neural correlates of proactive interference:
disentangling the role of overall working memory performance. Neuroimage 127,
376–386. https://doi.org/10.1016/j.neuroimage.2015.12.023.
Lustig, C., Hasher, L., Zacks, R.T., 2007. Inhibitory deﬁcit theory: recent developments in
a “new view,”. In: Gorfein, D.S., MacLeod, C.M. (Eds.), The Place of Inhibition in
Cognition. American Psychological Association, Washington, D.C., pp. 145–162
Lustig, C., May, C.P., Hasher, L., 2001. Working memory span and the role of proactive
interference. J. Exp. Psychol. Gen. 130, 199–207. https://doi.org/10.1037//
0096-3445.130.2.199.
Madden, D.J., 2007. Aging and visual attention. Curr. Dir. Psychol. Sci. 16, 70–74.
https://doi.org/10.1111/j.1467-8721.2007.00478.x.
May, C.P., Zacks, R.T., Hasher, L., Multhaup, K.S., 1999. Inhibition in the processing of
garden-path sentences. Psychol. Aging 14, 304–313. https://doi.org/10.1037
/0882-7974.14.2.304.172McNab, F., Zeidman, P., Rutledge, R.B., Smittenaar, P., Brown, H.R., Adams, R.A.,
Dolan, R.J., 2015. Age-related changes in working memory and the ability to ignore
distraction. Proc. Natl. Acad. Sci. Unit. States Am. 112, 6515–6518. https://doi.org/1
0.1073/pnas.1504162112.
Miller, E.K., Cohen, J.D., 2001. An integrative theory of prefrontal cortex function. Annu.
Rev. Neurosci. 24, 167–202.
Milner, B., 1968. Visual recognition and recall after right temporal-lobe excision in man.
Neuropsychologia 6, 191–209. https://doi.org/10.1016/0028-3932(68)90019-5.
Mok, R.M., Myers, N.E., Wallis, G., Nobre, A.C., 2016. Behavioral and neural markers of
ﬂexible attention over working memory in aging. Cerebr. Cortex 26, 1831–1842.
https://doi.org/10.1093/cercor/bhw011.
Myers, N.E., Stokes, M.G., Nobre, A.C., 2017. Prioritizing information during working
memory: beyond sustained internal attention. Trends Cognit. Sci. 21, 449–461. htt
ps://doi.org/10.1016/j.tics.2017.03.010.
Nadel, L., Moscovitch, M., 1997. Memory consolidation, retrograde amnesia and the
hippocampal complex. Curr. Opin. Neurobiol. 7, 217–227.
https://doi.org/10.1016/S0959-4388(97)80010-4.
Nagel, I.E., Preuschhof, C., Li, S.-C., Nyberg, L., B€ackman, L., Lindenberger, U.,
Heekeren, H.R., 2011. Load modulation of BOLD response and connectivity predicts
working memory performance in younger and older adults. J. Cogn. Neurosci. 23,
2030–2045. https://doi.org/10.1162/jocn.2010.21560.
Nagel, I.E., Preuschhof, C., Li, S.-C., Nyberg, L., B€ackman, L., Lindenberger, U.,
Heekeren, H.R., 2009. Performance level modulates adult age differences in brain
activation during spatial working memory. Proc. Natl. Acad. Sci. U. S. A 106,
22552–22557. https://doi.org/10.1073/pnas.0908238106.
Nissen, M.J., Corkin, S., 1985. Effectiveness of attentional cueing in older and younger
adults. J. Gerontol. 40, 185–191.
Nobre, A.C., Stokes, M.G., 2011. Attention and short-term memory: crossroads.
Neuropsychologia 49, 1391–1392. https://doi.org/10.1016/j.neuropsychologia.20
11.04.014.
Nyberg, L., Salami, A., Andersson, M., Eriksson, J., Kalpouzos, G., Kauppi, K., Lind, J.,
Pudas, S., Persson, J., Nilsson, L.-G., 2010. Longitudinal evidence for diminished
frontal cortex function in aging. Proc. Natl. Acad. Sci. U. S. A 107, 22682–22686.
https://doi.org/10.1073/pnas.1012651108.
O'Craven, K.M., Downing, P.E., Kanwisher, N., 1999. fMRI evidence for objects as the
units of attentional selection. Nature 401, 584–587. https://doi.org/10.1038/44134.
O'Reilly, J.X., Woolrich, M.W., Behrens, T.E.J., Smith, S.M., Johansen-Berg, H., 2012.
Tools of the trade: psychophysiological interactions and functional connectivity. Soc.
Cognit. Affect Neurosci. 7, 604–609. https://doi.org/10.1093/scan/nss055.
Park, D.C., Lautenschlager, G., Hedden, T., Davidson, N.S., Smith, A.D., Smith, P.K., 2002.
Models of visuospatial and verbal memory across the adult life span. Psychol. Aging
17, 299–320. https://doi.org/10.1037/0882-7974.17.2.299.
Park, D.C., Smith, A.D., Lautenschlager, G., Earles, J.L., Frieske, D., Zwahr, M.,
Gaines, C.L., 1996. Mediators of long-term memory performance across the life span.
Psychol. Aging II 621–637. https://doi.org/10.1037/0882-7974.11.4.621.
Petersen, S.E., Posner, M.I., 2012. The attention system of the human brain: 20 Years
after. Annu. Rev. Neurosci. 35, 73–89. https://doi.org/10.1146/annurev-neuro-
062111-150525.
Puce, A., Allison, T., Gore, J.C., McCarthy, G., 1995. Face-sensitive regions in human
extrastriate cortex studied by functional MRI. J. Neurophysiol. 74, 1192–1199.
Raz, N., Lindenberger, U., Rodrigue, K.M., Kennedy, K.M., Head, D., Williamson, A.,
Dahle, C., Gerstorf, D., Acker, J.D., 2005. Regional brain changes in aging healthy
adults: general trends, individual differences and modiﬁers. Cerebr. Cortex 15,
1676–1689. https://doi.org/10.1093/cercor/bhi044.
Reuter-Lorenz, P.A., Cappell, K. a., 2008. Neurocognitive aging and the compensation
hypothesis. Curr. Dir. Psychol. Sci. 17, 177–182. https://doi.org/10.1111/j.146
7-8721.2008.00570.x.
Reuter-Lorenz, P.A., Jonides, J., Smith, E.E., Hartley, A., Miller, A., Marshuetz, C.,
Koeppe, R.A., 2000. Age differences in the frontal lateralization of verbal and spatial
working memory revealed by PET. J. Cogn. Neurosci. 12, 174–187. https://doi.org/1
0.1162/089892900561814.
Rowe, G., Valderrama, S., Hasher, L., Lenartowicz, A., 2006. Attentional disregulation: a
beneﬁt for implicit memory. Psychol. Aging 21, 826–830. https://doi.org/10.1037
/0882-7974.21.4.826.
Rypma, B., D'Esposito, M., 2000. Isolating the neural mechanisms of age-related changes
in human working memory. Nat. Neurosci. 3, 509–515. https://doi.org/10.1
038/74889.
Salthouse, T.A., 2010. Selective review of cognitive aging. J. Int. Neuropsychol. Soc. 16,
754–760. https://doi.org/10.1017/S1355617710000706.
Schneider-Garces, N.J., Gordon, B.A., Brumback-Peltz, C.R., Shin, E., Lee, Y., Sutton, B.P.,
Maclin, E.L., Gratton, G., Fabiani, M., 2010. Span, CRUNCH, and beyond: working
memory capacity and the aging brain. J. Cogn. Neurosci. 22, 655–669. https://doi.o
rg/10.1162/jocn.2009.21230.
Singmann, H., Bolker, B., Westfall, J., 2015. Afex: Analysis of Factorial Experiments. R
Package Version 0, p. 15, 2.
Smith, S.M., 2002. Fast robust automated brain extraction. Hum. Brain Mapp. 17,
143–155. https://doi.org/10.1002/hbm.10062.
Souza, A.S., 2016. No age deﬁcits in the ability to use attention to improve visual working
memory. Psychol. Aging 31, 456–470. https://doi.org/10.1037/pag0000107.
Stokes, M.G., Nobre, A.C., 2012. Top-down biases in visual short-term memory. In:
Neuroscience of Attention: Attentional Control and Selection. Oxford University
Press, New York, pp. 209–228.
Tales, A., Muir, J.L., Bayer, A., Snowden, R.J., 2002. Spatial shifts in visual attention in
normal ageing and dementia of the Alzheimer type. Neuropsychologia 40,
2000–2012. https://doi.org/10.1016/S0028-3932(02)00057-X.
R.M. Mok et al. NeuroImage 194 (2019) 163–173Vogel, E.K., Machizawa, M.G., 2004. Neural activity predicts individual differences in
visual working memory capacity. Nature 428, 748–751. https://doi.org/10.1038/na
ture02447.
Vogel, E.K., McCollough, A.W., Machizawa, M.G., 2005. Neural measures reveal
individual differences in controlling access to working memory. Nature 438,
500–503. https://doi.org/10.1038/nature04171.
Welford, A.T., 1985. Changes of performance with age: an overview. In: Chamess, N.
(Ed.), Aging and Human Performance. Wiley, New York, pp. 333–365.
West, R.L., 1996. An application of prefrontal cortex function theory to cognitive aging.
Psychol. Bull. 120, 272–292.
Wingﬁeld, A., Stine, E.A.L., Lahar, C.J., Aberdeen, J.S., 1988. Does the capacity of
working memory change with age? Exp. Aging Res. 14, 103–107. https://doi.org/10.
1080/03610738808259731.
Woolrich, M.W., Behrens, T.E.J., Beckmann, C.F., Jenkinson, M., Smith, S.M., 2004.
Multilevel linear modelling for FMRI group analysis using Bayesian inference.
Neuroimage 21, 1732–1747. https://doi.org/10.1016/j.neuroimage.2003.12.023.173Woolrich, M.W., Ripley, B.D., Brady, M., Smith, S.M., 2001. Temporal autocorrelation in
univariate linear modeling of FMRI data. Neuroimage 14, 1370–1386. https://doi.
org/10.1006/nimg.2001.0931.
Worsley, K.J., 2001. Statistical analysis of activation images. In: Jezzard, P.,
Matthews, P.M., Smith, S.M. (Eds.), Functional MRI: an Introduction to Methods.
Oxford University Press, New York, pp. 251–270.
Zanto, T.P., Gazzaley, A., 2014. Attention and ageing. In: The Oxford Handbook of
Attention, pp. 927–971. https://doi.org/10.1017/CBO9781107415324.004.
Zanto, T.P., Rubens, M.T., Bollinger, J., Gazzaley, A., 2010. Top-down modulation of
visual feature processing: the role of the inferior frontal junction. Neuroimage 53,
736–745. https://doi.org/10.1016/j.neuroimage.2010.06.012.
Zanto, T.P., Rubens, M.T., Thangavel, A., Gazzaley, A., 2011. Causal role of the prefrontal
cortex in top-down modulation of visual processing and working memory. Nat.
Neurosci. 14, 656–661. https://doi.org/10.1038/nn.2773.
Zhang, Y., Brady, M., Smith, S., 2001. Segmentation of brain MR images through a hidden
Markov random ﬁeld model and the expectation-maximization algorithm. IEEE
Trans. Med. Imaging 20, 45–57. https://doi.org/10.1109/42.906424.
